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LO  Introductioii 

High  temperature,  radiation-hardened  power  semiconductors  are  very  quickly 
reaching  their  limitations.  Indeed,  for  some  applications,  devices  are 
nonexistent.  There  is  a  growing  need  within  the  DOD  and  throughout  industry 
for  high  power  semiconductor  devices  that  are  able  to  operate  at  high  frequencies 
and  power  levels.  Military  applications  for  high  performance  power 
semiconductors  include  transport  (e.  g.,  supersonic  aircraft ,  space  based 
vehicles),  weapons  (EW,  kinetic  energy  weapons),  and  communications. 
Commercial  applications  range  from  automobiles,  to  power  generation,  to  mining 
and  drilling  operations.l*^.^  Reliability  at  sustained  high  temperatures  and 
radiation  levels  is  critical.  The  cooling  requirements  of  existing  electronics 
systems  and  the  fundamental  limitations  imposed  by  available  semiconductor 
materials  pose  a  significant  engineering  problem. 

Diamond  has  been  identified  as  the  most  promising  material  for  these  devices.  It 
has  long  been  known  that  diamond  possesses  the  physical  and  electronic 
properties  to  fill  the  gap  in  high  temperature,  radiation  hardened  power 
semiconductor  technology. 

Key  to  future  diamond  semiconductor  development  are  ohmic  and  Schottky 
contacts  that  are  stable  at  high  temperature.  Wide  bandgap  materials  such  as 
diamond  (5.5  eV),  pose  special  problems  and  demand  ingenious  solutions.  Prior 
to  our  work,  recent  research  into  stable  ohmic  and  Schottky  contacts  had  been 
primarily  limited  to  e-beam  evaporation  of  carbide  forming  metals  such  as  Ti,  Ta, 
and  Mo4*5,6^  These  approaches  have  been  relatively  successful  at  decreasing  the 
specific  contact  resistivity  to  as  low  as  10’®  Q-cm2  on  natural  semiconducting 
diamonds  with  ~10^®  boron  atoms/cm®.  An  interesting  exception  is  the  use  of  a 
graded  bandgap  approach  in  which  SiC/Si  is  used  as  a  means  of  obtaining  a 
smaller  bandgap  onto  which  to  make  ohmic  contact^.  The  SiC/Si  interface  was 
produced  by  ion  beam  mixing  of  an  evaporated  Si  film  with  the  diamond  surface. 
This  lead  to  contacts  with  specific  contact  resistivities  as  low  as  lO'®  on  relatively 
highly  doped  surfaces  produced  by  implantation.  Both  of  these  approaches  have 
the  disadvmitage  of  having  an  extremely  high  temperature  heat  treatments  that 
can  introduce  damage  in  the  form  of  sp2  carbon  to  the  diamond  surface  and 
introduce  leakage  currents.  Metals  beyond  this  limited  range  of  carbide  forming 
transition  metals  have  not  been  well  explored. 

In  our  Phase  I  program  we  investigated  metal  systems  coupled  with  a  shallow  Si 
implant  that  would  form  low  resistivity,  high  temperature  stable  metal  siliddes. 
We  showed  in  our  Phase  I  results  that  the  barrier  height  of  metals  such  as  Pt,  Ti 
and  Mo  were  reduced  when  deposited  on  shallow  Si  implants  and  given  a  heat 
treatment  at  500®C.  The  barrier  height  of  Pt  on  diamond  was  reduced  from  1.89 
eV  to  0.97  eV  by  annealing  of  a  sputtered  Pt  contact  on  a  Si  implanted  dose  of  IQl® 
cm-2  that  peaks  at  ~120A  into  the  diamond  surface.  Likewise  using  the  same 
approach,  the  barrier  height  of  Ti  on  diamond  was  reduced  from  2.00  eV  to  1.29 
eV.  Although  we  have  no  direct  evidence  for  silicide  formation  at  this  time,  the 
reduction  of  the  barrier  height  scaled  inversely  to  the  temperature  of  formation  of 
the  metal  silicide.  This  is  an  extremely  important  observation  and  points  to  the 
possibly  of  achieving  very  low  resistance  contacts.  We  attempted  to  measure  the 
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specific  contact  resistivities  of  our  contacts  using  a  transmission  line  structure 
however  the  values  we  measured  were  large  due  to  the  fact  that  we  were  working 
on  a  diamond  that  had  a  very  high  resistivily,  ~10^2Q.cm. 


2.0  Sdmttky  and  Ohmic  Contact  Development  Strategy  for  Diamond 

Schottky  and  ohmic  contact  development  is  crucial  to  the  success  of  high 
temperature  devices.  Since  diamond  devices  are  targeted  for  high  temperature 
operation  at  6OO0C  or  higher,  Schottky  and  ohmic  contacts  must  be  stable  to  at 
least  this  temperature  in  terms  of  physical  and  electrical  characteristics. 

There  have  been  few  successes  in  the  development  of  ohmic  contacts  for 
diamonds.  The  diJBficulty  in  the  development  of  diamond  contacts  can  be 
attributed  to  the  fact  that  diamond  has  one  of  the  largest  bandgaps  of  any 
semiconductor  material  (5.5  eV).  This  presents  a  large  barrier  height  to  most 
metals.  Thus  far,  limited  success  has  been  achieved  with  the  sputtering  or 
evaporation  of  Al,®  Mo,  Mo/Au,  Mo/Ni/Au,^  Ta/Au,  Ti/Au,^  Ti  and  systems. 
Other  methods  include  producing  a  graphitic  layer  on  the  surface  of  the  diamond 
by  heating  or  laser  damage  to  enhance  the  interaction  of  metals  with 
diamond.il*i2  One  method  that  is  particularly  interesting  involves  the  reduction 
of  the  large  bandgap  of  diamonds  by  using  an  intermediate  material  composed  of 
a  silicon  and  silicon  carbide  graded  structure  formed  by  ion  mixing  deposited 
silicon  with  the  diamond  surface.^ 

It  has  been  found  that  the  contact  resistance  is  independent  of  the  metal  work 
function^^'S  and  largely  dependent  on  the  metal  to  diamond  interface.^^ 
Furthermore,  the  adhesion  of  as  deposited  metals  to  diamond  is  poor  until  after 
annealing.  Even  then,  only  those  metals  that  react  to  form  carbides  will  form 
stable  interfaces.^*!^  For  those  metals  that  do  react  with  carbon,  the  annealing 
temperatures  needed  are  in  excess  of  lOOOoC.  Such  high  annealing  temperatures 
change  the  surface  of  diamond,  forming  a  conductive  graphitic  surface.  This 
must  be  removed  using  chromic  adds  which  are  not  compatible  ■with  the 
processing  scheme  of  resist  and  metals.  The  use  of  a  converted  graphite  surface 
layer  to  promote  interaction  of  metals  with  diamond  does  not  produce  a  stable 
interface  Such  a  layer  is  easily  affected  by  various  chemical  treatments  that  are 
used  in  device  fabrication  schemes. 

The  most  commonly  used  method  of  produdng  ohmic  contacts  in  other 
semiconductor  materials  is  by  doping  selective  areas,  creating  a  situation  where 
with  low  levels  of  doping,  thermionic  emission  dominates  the  current  transport 
and  Rc  can  be  described  byr^^ 


Rc  =  - 


rexd 


qTA 


kT 


(1) 


while  for  high  doping  concentrations,  tunneling  dominates  and  Rc  can  be 
described  by ; 
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Re- 


At  this  tune,  selective  doping  of  diamond  via  ion  implantation  has  not  been 
achieved,  and  is  proving  to  be  difficult  due  to  damage  produced  during 
implantation.  However,  some  progress  has  oeen  made  recently  using  post 
implantation  Rapid  Thermal  .^amealing  (RTA)  to  recrystallize  the  damaged 
region.i®»i7  Non-selective  doping  has  been  achieved  during  diamond  film 
deposition, 

Schottky  contact  development  is  equally  limited.  A  quick  survey  (table  below)  of 
the  literature  shows  conflicting  restdts  for  p-type  diamonds.  Thus  far  no  data  has 
been  obtained  for  n-type  diamonds. 


Metal 

itBp  feV) 

Au 

I.73I8 

Au 

1.7-2.019 

Au 

1.2525 

Al 

1.9-2.225 

Al 

1.025 

Ba 

2.025 

Au 

1.320 

Al 

1.526 

Au 

1.1321 

Al 

1.1327 

Au 

2.2422 

Au 

1.3522 

Diamond  is  a  covalent  semiconductor  with  a  heat  of  formation,  AHf  of  0.4533 
kcal/mole.23  Brillson^^  has  noted  that  there  is  a  greater  tendency  for  covalent 
compoimds  to  form  both  the  metal-anion  as  well  as  the  metal-cation  phases.  It  is 
expected  that  transition  metals  will  form  only  carbides  at  the  interface  and  these 
carbides  will  then  determine  to  a  large  extent  the  specific  contact  resistivities  at 
the  iterfaces.  Fang  et  al  25  have  shown  that  specific  contact  resistivities  in  the 
order  of  10'3  ohm-cm^  using  240  keV  Kr+  ion  to  mix  the  deposited  silicon  and 
diamond  structure  to  produce  silicon-SiC-diamond  graded  structures.  We 
propose  to  induce  the  formation  of  silicides  at  the  interface  by  ion  implantation  of 
silicon  into  the  diamond  surface  such  that  transition  metals  can  be  deposited  and 
alloyed  to  form  the  intended  structure.  The  silicide  scheme  is  much  more 
attractive  than  using  doped  polysilicon  because  most  of  the  silicides  have 
resistivities  that  are  almost  ten  times  lower  than  that  of  heavily  doped  polysilicon 
thus  enabling  much  thinner  lines  to  be  patterned  without  sacrificing  the  speed  of 
a  device.  We  expect  from  thermodynamic  considerations  that  the  most  likely 
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reaction  at  the  interface  will  be  that  which  has  the  lowest  heat  of  reaction.  The 
table  below  lists  the  AHf  (kcal/niole)^^  of  some  of  the  possible  carbides  and  silicides 
for  Ta,  Ti,  W  and  Fe. 


Ta  li 


TaC 

mf 

-34.3 

TiC 

mf 

-43.9 

Ta2C 

-48.5 

TisSis 

-138.5 

Ta2Si 

-30.0 

TiSi 

-31.0 

TasSis 

-80.0 

TiSi2 

-32.0 

TaSi2 

-28.5 

W 

Fe 

mf 

mf 

W2C  -6.3 

FesC 

-6.0 

wc  -9.0 

FeSi 

-18.4 

WSi2  -22.2 

WsSia  -32.3 

The  table  below  shows  the  metals  that  we  proposed  to  investigate  and  their 
corresponding  properties.  We  chose  metals  that  had  already  been  investigated  by 
various  researchers  so  that  we  could  do  a  comparison  of  our  techniques.  In 
addition  we  investigated  gold  and  nickel  for  comparison  purposes. 


Material 

Melting  pt 

Besistivify 

fl0-6ohm-cm) 

(eV) 

AHf28,29 

(eV/atom) 

Gold 

1063 

2.3 

5.10 

Nickel 

1453 

6.84 

4.9 

Platinum 

1769 

9.8 

5.65 

Tantalum 

2980 

13.5 

4.25 

Titanium 

1670 

55.0 

4.33 

Tungsten 

3380 

5.(5 

4.55 

Mo 

2617 

52 

PtSi 

1229 

28-35. 

0.45 

TaSi2 

1385 

50-55. 

3.44 

NiSi2 

1381 

50-80 

1.4? 

TiSi2 

13-25 

5.95 

WSi2 

2150 

70 

1.39 

MoSi2 

1410 

100 

1.35 

We  overcame  the  problems  normally  encountered  in  the  fabrication  of  ohmic 
contacts  by  using  the  novel  approach  of  silicon  implantation  into  a  diamond 
surface,  then  depositing  a  metal  that  can  be  annealed  to  form  a  silicide  fmd 
carbide  mixture.  Tie  rea  soning  behind  our  approach  was  as  follows: 

1.  The  range  of  ion  implantation  into  diamonds  is  very  well  characterized  and 
can  be  precisely  controlled  in  terms  of  concentration  and  distribution.  We 
will  be  investigating  very  shallow  implantation  which  means  that  low 
energies  will  be  used,  thus  damage  to  the  contact  surface  and  below  will  be 
negligible.  Consequently,  the  electrical  performances  of  the  device  will  be 
improved. 

2.  Implantation  of  contacts  is  compatible  with  existing  silicon  and  GaAs 
technologies.  It  can  be  used  for  the  production  of  VLSI  and  self  aligned 
technologies  to  reduce  stray  capacitances  and  resistances  which  are 


4 


deleterious  to  high  frequency  devices.  Many  dififerent  materials  can  be  used 
for  a  mask  since  low  energy  silicon  is  being  implanted. 

3.  The  formation  of  a  silidde/silicon  carbide  interface  instead  of  a  metal  carbide 
interface  will  lead  to  a  lower  interface  resistance.  The  resistivities  of  metal 
carbides  are  generally  a  few  orders  of  magnitude  higher  than  the 
corresponding  silicides. 

4.  The  formation  of  silicides  at  the  interface  is  expected  to  provide  a  stable 
barriei'  to  any  further  interdififiision  of  the  contact  material  and  diamond. 

5.  With  low  energy  shallow  implantation,  there  is  no  need  to  recrystallize  or 
activate  the  implanted  ions.  Rapid  thermal  annealing  could  be  used  to  form 
the  junction  in  a  short  time. 

6.  Adhesion  of  the  metal  mil  be  improved  tremendously  with  the  silicides/metal 
carbide  layer. 

7.  There  is  the  added  possibility  of  forming  variable  Schottky  jimctions  using 
this  approach.  It  is  expected  that  depending  on  the  dose  and  range  of  the 
implants,  a  silicon  carbide  layer  will  form  if  the  silicon  is  not  totally 
consumed  by  the  metal.  By  controlling  the  formation  of  this  silicon  carbide 
layer,  we  should  be  able  to  control  the  barrier  heights  at  the  interface. 

Fo  r  an  ideal  metal  to  n-type  semiconductor  surface,  the  barrier  height  is 

expressed  as: 


<l>Bn=  <}>m-  Xsc  (3) 

v/here  <|)in  is  the  metal  work  function  and  Xsc  is  the  electron  affinity  of  the 
semiconductor  measured  from  the  bottom  of  ^e  conduction  band  to  the  vacuum 
level.  The  value  of  the  p-type  barrier  is  simply  expressed  as: 

<l>Bp  =  Eg/q-  (j)Bn  (4) 

where  Eg  is  the  semiconductor  energy  gap  and  q  is  the  electron  charge. 

However,  there  are  no  ideal  interfaces,  and  traps  at  the  interface  will  modify  the 
barrier  height.  For  decades,  these  traps  have  been  attributed  to  intrinsic  states  at 
the  semiconductor  surface  but  it  has  been  shown  conclusively  that  intrinsic  states 
play  no  role  in  barrier  formation.^o  Instead,  the  barrier  height  is  dependent  on 
the  interaction  between  the  semiconductor  and  metal  in  the  following  manner. 

1.  Metals  can  be  classified  into  reactive  and  imreactive  by  the  interface  heats  of 
reaction,  AHr.  The  more  negative  AHr,  the  more  reactive  the  metal  is  at  the 
interface  and  the  lower  the  barrier  height.^® 

2.  Ohmic  and  Schottky  contacts  can  be  predicted  qualitatively  from  the  heats  of 
reaction  AHr,  such  that  the  critical  heat  of  reaction  AHrc  at  0.5  eV  defines  the 
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transition  between  reactive  and  unreactive  metals  and  also  low  to  high  barrie'* 
heights.30 

3.  Silicides  have  been  suggested  to  be  more  stable^i  because  they  form  effective 
barriers  to  further  interdiffusion  at  the  interface.  Furthermore  the  barrier 
heights  can  be  expected  to  be  scaled  with  their  heats  of  formation.^^ 

The  results  of  the  Phase  I  investigation  follow. 
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3.0  Phase  1  Results 


31  Phase  I  Technical  Olgectives 

The  development  of  ohmic  and  Schottky  contacts  is  vital  for  the  production  of 
diamond  devices.  High  contact  resistances  have  been  shown  to  limit  the 
performance  of  diamond  field  effect  transistors  33,34,35  and  are  rapidly  becoming  a 
problem  for  diamond-based  photoconducfive  power  switching.36.37  phase  I  was 
designed  to  demonstrate  Schottky  barrier  height  lowering  and  to  electrically 
characterize  the  metal  compotmd-diamond  interface  so  that  Phase  H  device 
fabrication  objectives  could  be  achieved.  The  metal-diamond  interface  has  not 

been  systematically  characterized.  Barrier  heights  (())B)  and  contact  resistivities 
(Rc)  of  the  different  metals  and  silicides  were  examined  as  fiinctions  of  implant 
doses  and  post-anneal  temperatures.  The  Phase  I  program  sought  to  answer  the 
following  questions: 

1.  Can  ohmic  contacts  be  formed  using  shallow  silicon  implantation  into 
diamonds  followed  by  annealing  with  metal  to  form  a  metal  silidde/metal 
carbide  diamond  interface? 

2.  If  ohmic  contacts  can  be  formed,  how  do  the  contact  resistivities  depend  on 
implant  doses,  energies,  and  annealing  temperatures? 

3.  What  are  the  compositions  of  the  interfaces  as  functions  of  implant  doses, 
energies  and  annealing  temperatures? 

4.  What  Schottky  behaviors  can  be  realized  if  the  interface  is  not  ohmic?  Is  there 
a  silicon  carbide  layer  and  can  this  layer  be  tailored  to  obtain  a  desired  barrier 
height? 


SJ2  Phase  I  Experimental  Results 

3.2J.  .  Homoepitaxial  Diamond  Film  Growth 

All  experiments  were  conducted  using  type  Ila  natural  diamonds  as  substrates 
onto  which  doped  epitaxial  layers  were  deposited.  Boron  doped  diamond  films 
were  grown  on  2.5  mm  x  2.6mm  x  300  pra  (100)  oriented  substrates  using  hot 
filament  assisted  chemical  vapor  deposition.  Tlie  diamond  substrates  were 
cleaned  in  a  saturated  chromic  acid  solution  at  160°C  for  10  minutes  followed  by 
rinsing  in  a  1:1  solution  of  H2O2  in  30%  NH4OH  at  TO^C.^®  This  cleaning 
procedure  removes  non-diamond  carbon  from  the  substrate  surface.  The 
substrate  was  then  given  a  dip  in  concentrated  HP  to  remove  any  metallic 
impurities  left  from  the  chromic  acid  solution.  The  substrate  was  given  a  final 
rinse  in  deionized  water  before  being  placed  in  the  growth  reactor.  The  diamond 
substrates  were  placed  on  a  molybdenxim  holder  in  the  diamond  growth  reactor  16 
mm  below  a  hot  W  filament  heated  to  2000°C.  The  reactor  was  pressurized  to  12 
torr  with  a  flovdng  mixture  of  hydrogen,  methane  and  diborane.  The  gas  flow 
rates  were  50  seem  of  l%methane  in  hydrogen,  35  seem  of  hydrogen  and  15  seem 
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of  10  ppm  diborane  in  hydrogen.  The  substrate  temperatme  was  approximately 
850®C.  The  film  growth  was  carried  out  for  1  hr  producing  a  boron  doped  film 
~1000  A  in  thickness.  The  resistance  between  two  tungsten  probes  1mm  apart  on 
the  surface  of  the  doped  film  was  ~400  kfi.  The  Raman  spectrum  of  the  boron 
doped  film  is  shown  in  Figure  1.  This  spectrum  was  taken  using  a  glancing 
angle  of  incidence  technique  that  gives  results  more  characteristic  of  the  near 
surface  region.  The  spectrum  is  diaracteristic  of  diamond  does  not  show  any 
imusual  Raman  or  photoluminescence  features. 


g.g.g,  SilicoQ.foaJihPlaRt^tifla 

The  i^i  implantation  process  required  masking  of  the  diamond  substrate  so  that 
only  selected  regions  were  implanted.  A  Si02  film  was  used  as  the  masking 
material  to  prevent  the  Si  implant  atoms  fi*om  being  deposited  everjrwhere.  A  two 
layer  mask  set  was  used,  one  for  defining  the  implantation  areas  and  one  for  the 
metallization  as  shown  in  Figure  2.  Figure  3  shows  the  detailed  arrangement  of 
the  transmission  line  and  Kelvin  probe  structures  used  for  each  metal.  After 
diamond  film  growth,  the  diamond  substrates  were  given  another  chromic  add 
cleaning  to  remove  any  non-diamond  carbon  residue  from  the  film  surface.  It 
was  observed  that  this  chromic  add/HF  cleaning  step  dramatically  increased  the 
diamond  film  resistance  to  a  value  of  ~10^  12  between  two  tungsten  probes  spaced  1 
mm  apart.  We  believe  that  this  increase  was  caused  by  chromic  add  etching 
away  of  the  boron  doped  epitaxial  film.  Following  this  cleaning,  the  Si02  mask 
was  deposited  by  RF  magnetron  sputtering.  The  sputter  conditions  were  140  W  at 
13.6  90  mtoir  of  Ar  for  1.5  hrs.  The  substrate  temperature  increased  to 

about  120°C  at  the  end  of  the  run.  The  Si02  film  was  ~4500A  thick.  Each  diamond 
substrate  was  divided  into  four  sections  called  "Quads,"  see  Figure  3.  Three  of  the 
four  quad::  were  implanted  with  Si,  each  at  a  different  dose,  while  one  quad  was 
never  implanted  but  used  as  a  control.  Each  of  the  three  quads  was  sequentially 
implanted  separately  by  opening  up  windows  in  the  Si02  of  the  selected  quad 
through  photolithographic  patterning  and  etching.  Each  quad  had  six  (6) 
transmission  line  structiu'es  and  six  (6)  Kelvin  probes,  one  for  each  of  the  metals 
investigated,  Pt,  W,  Ti,  Ta,  Mo,  and  Ni.  Each  of  these  structures  was  sequentially 
patterned  onto  the  diamond  and  the  metal  deposited.  All  of  the  metals  except  Ti 
were  deposited  using  DC  sputtering.  The  Ti  was  e-beam  evaporated.  The  metal 
thicknesses  ranged  from  ~1500A  to  ~4500A.  The  Ni,  W  and  Ta  contacts  showed 
severe  adhesion  problems  and  lifted  off  with  removal  of  the  photoresist 
metallization  mask,  and  consequently  only  Pt,  Ti  and  Mo  were  studied. 

The  implantation  conditions  were  determined  by  carrying  out  a  simulation  of  an 
implant  using  a  program  developed  by  Implant  Sciences,  Inc.  The  object  of  our 
approach  was  to  use  a  near  surface  implant  of  Si  so  that  it  could  react  with  the 
overlying  metal  film  to  produce  a  low  resistance  metal  silidde  contact  region. 
Near  surface  imp  lantation  of  Si  into  diamond  requires  the  use  of  very  low  voltages 
as  illustrated  h.  tie  results  of  a  simulation  carried  out  for  15keV  Si  into  diamond 
shown  in  Figure  4,  The  three  curves  are  for  different  doses  of  Si,  10^3^  10^^,  and 
1015  i/cm2,  that  produce  three  different  surface  concentrations  of  Si.  The  Si 
implants  were  carried  out  by  Implant  Sciences,  Inc. 
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3.2.3  Contact  Annealing  and  Electrical  Characterization 


The  I-V  characteristics  of  the  as-deposited  contacts  all  showed  very  high 
resistances  and  nonlinear  rectifying  behavior.  The  sample  was  then  annealed  at 
500®C  in  30  mtorr  of  Ar  for  20  minutes.  Following  this  anneal,  the  contact 
resistance  was  still  very  high  and  the  I-V  characteristics  were  still  nonlinear. 

The  I-V  characteristics  are  shown  in  Figures  5,  6  and  7  for  Pt,  Mo  and  Ti 
respectively.  Each  graph  shows  the  I-V  curves  for  each  of  the  three  Si  implant 
doses  and  the  control  region  that  was  not  implanted.  The  I-V  curves  appear  to  be 
a  combination  of  a  reverse  diode  characteristic  in  series  with  a  large  resistance  as 
illustrated  in  Figure  8.  The  series  resistance  consists  of  the  contact  resistance 
and  the  resistance  of  the  boron  doped  epitaxial  £Qm,  which  in  this  case  is 
substantial  because  the  chromic  acid  cleaning  procedure  removed  most  of  the 
boron  doped  film. 

The  Schottky  barrier  heights  for  the  Pt,  Ti  and  Mo  contacts  were  measured  using 
internal  photoemission.  The  internal  photoemission  was  measured  by 
illuminating  the  region  between  two  of  the  Kelvin  probe  pads  with  light  fi*om  an 
Ar  ion  laser.  The  laser  light  was  chopped  by  a  variable  speed  chopper.  The 
resulting  photocurrent  was  detected  by  a  lock-in  amplifier  that  was  connected  to 
the  Kelvin  pads  using  two  tungsten  probes.  The  photoresponse  of  the  contact  was 
measured  for  eight  different  firequencies  of  the  Ar  laser.  The  photoresponse  is 
proportional  to  the  square  of  the  barrier  height  according  to 

Y=B(hv-qi!iBf 

where  B  is  a  constant,  h  is  Planck's  constant,  v  is  the  hght  fi’equency,  q  is  the 

electronic  charge  and  <{)b  is  the  barrier  height.  Plotting  the  square  root  of  the 
photoresponse  versus  photon  ener^,  a  linear  plot  is  obtained  with  the  barrier 
height  given  by  the  intercept  at  =  0.  The  square  root  of  the  measured 
photoresponse  as  a  function  of  photon  energy  is  shown  in  Figures  9, 10,  and  11  for 
Pt,  Ti  and  Mo  contacts  annealed  at  500°C  respectively.  The  four  lines  in  each 
figure  are  for  the  three  different  Si  implant  doses  and  an  unimplanted  control. 
The  barrier  heights  are  nearly  independent  of  the  metal  as  evidenced  by  the 
nearly  constant  value  of  ~2  eV  for  the  three  control  regions.  The  barrier  height 
clearly  decreases  for  the  most  heavily  implanted  contacts. 

This  data  is  more  clearly  presented  in  Figure  12  which  shows  tlie  measured 
barrier  height  as  a  function  of  Si  implant  dose  for  each  metal  after  the  600®C 
anneal.  The  barrier  height  appears  to  decrease  more  quickly  for  those  metals 
which  form  silicides  at  lower  temperature  indicating  that  metal  silicide 
formation  may  be  taking  place.  'Hie  barrier  heights  were  also  measured  after 
annealing  at  i000'’C  and  are  shown  in  Figure  13  as  a  function  of  the  Si  implant 
dose.  The  barrier  heights  have  decreased  only  slightly  from  their  values  at  the 
500°C  anneal,  this  may  be  due  to  the  fact  that  the  metal  has  fully  reacted  with  the 
Si  implant  at  500°C.  We  also  measured  the  specific  contact  resistivity  using  the 
80^im  X  80)im  Kel\in  structures  after  the  1000®C  anneal.  The  specific  contact 
resistivity  is  shown  for  the  Pt  and  Mo  contacts  as  a  function  of  Si  implant  dose  in 
Figure  14  for  several  different  sets  of  contact  pads. 
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The  greatest  amount  of  scatter  occurs  for  the  implant  done  at  10^^  cm-2  and  the 
unimplanted  contacts.  The  reason  for  the  scatter  we  believe  is  that  a 
misalignment  of  the  mask  occurred  during  patterning  for  metallization.  The 
misalignment  was  greatest  for  the  quads  B  and  D  which  correspond  to  the  10^^ 
and  imimplanted  contacts.  The  misalignment  causes  an  error  in  the  actual 
contact  area  because  the  metal  contact  area  no  longer  fully  covers  the  implant 
area.  The  contact  misalignment  has  no  effect  on  the  barrier  height 
measurements  of  Figures  9  - 13. 

The  large  values  for  the  specilrc  contact  resistances  are  primarly  due  to  the  low 
level  of  boron  doping  in  the  diamond  film.  Recall  from  earlier  that  the  boron 
doped  epitaxial  film  had  a  resistance  of  ~400kfl!  just  after  film  growth  and  that  a 
chromic  acid  etch  was  used  to  clean  the  film  surface  just  before  implantation. 

The  chromic  acid  etch  apparently  etch'^s  the  diamond  as  well  as  graphitic  carbon 
but  at  a  much  lower  rate.  After  the  chromic  acid  etch,  the  resistance  between  two 
tungsten  probes  spaced  1  mm  apart  was  If  we  assume  that  approximately 

500  A  of  file  doped  film  remains,  the  re  listivity  of  the  diamond  surface  would  be 
~1 0^2  fl-cm,  and  thus  the  number  of  acceptors,  Na,  is  very  small.  Under  such 
low  doping  conditions,  the  contact  resistance,  Rc,  will  be  determined  by 
thermionic  emission  so  that  Rc  is  determined  by  the  barrier  height.  However  if 
we  had  a  higher  concentration  of  acceptors  then  Rc  is  determined  by  field 

emission  processes  for  which  log(Rc)  ^  <J)B/(Na)i^.  Thus  Rc  can  be  further  lowered 
by  heavily  doping  the  contact  area.  Our  high  values  of  specific  contact  resistivity 
are  an  artifact  of  the  fact  that  we  inadvertantly  etched  away  part  of  our  boron 
doped  epilayer  by  the  use  of  a  commonly  adopted  chromic  acid  cleaning 
pxcccdure.  Thus  the  observed  reductions  in  barrier  height  and  specific  contact 
resistivity  are  all  the  more  significant.  If  the  experiments  were  to  be  conducted 
using  diamond  films  doped  ~10®-10i®  times  greater  than  in  this  study,  that  is 
resistivities  on  the  order  of  lO^  - 10^  O-cm,  <he  specific  contact  resistmce  would 
decrease  by  an  additional  -lO^-lO®  times  or  specific  contact  resistivities  would  be 
about  10'2  - 10’^  fl-cm2.  Thus  optimization  of  the  Si  implant  dose  combined  with 
co-implantation  of  boron  along  vdth  the  Si  for  p-type  materials  could  lead  to 
substantially  reduced  contact  resistances. 


3.3  Conclusions 

We  discovered  that  Pt  and  Ti  contacts  to  shallow  silicon  implants  in  diamond 
become  ohmic  upon  annealing  to  SOC’C,  We  have  also  demonstrated  for  the  first 
time  lowering  of  the  Schottky  barrier  height  of  Pt  and  Ti  metal  contacts  on  very 
lightly  doped  diamond  through  the  use  of  a  novel  shallow  Si  implant  and 
annealing  method.  Implaiitation  of  10^^  Si  hxc?  at  15  keV  followed  by  annealing 
at  500®C  causes  a  reduction  of  the  Schottky  barrier  height  by  a  factor  of  two  in  the 
case  of  Pt  and  a  35%  reduction  for  Ti  met^Iization.  There  was  very  little  change 
in  the  barrier  height  for  Mo  contacts  even  at  annealing  temperatures  ~1000‘’C. 
The  amount  of  the  barrier  lowering  is  proportional  to  the  metal  silicide  formation 
temperature.  The  larger  the  implanted  dose  of  Si,  the  greater  the  degree  of 
barrier  lowering.  This  is  an  important  observation  and  points  the  way  for  further 
development  of  this  approach. 
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Figure!.  Raman  spectrum  of  boron  doped  homoepitasdal  diamond  fl}jn  on  type 
na  natural  diamond.  The  spectrum  was  mccited  using  a  glancing  angle  of 
incidence  for  the  Ar  laser  light  so  that  more  of  the  near  surfoce  region  was 
sampled. 
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Figure  2.  Two  layer  mask  used  to  define  the  implant  and  metallization  areas. 
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Figure  4.  Simulated  Si  Implant  deptiti  profiles  in  diamond  at  15keV  accelerating 
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Figure  8.  Schematic  iUustratiiig  the  effect  of  the  ooatact  and  diamond  film  series 
resistances  on  the  I-V  characteristic. 


Pt  Photoresponse  Banier  Heig^ 


Barr.htA=L688eV 
Barr,  ht  B  B  2X)40  eV 
Barr.  htC  =  0.971  eV 
Barr.  htD  =  1.989  eV 


Figure  9.  Barrier  heists  of  Pt  contacts  on  16keV  Si  implanted  and  imimplanted 
regions  annealed  at  50<FC.  The  implant  dose  notation  is  the  same  as  in  Figures  5, 
6,  and  7. 


16 


H  Photoresponse  Barrier  Heists 


Enei:®r(eV) 

Figure  10.  Barrier  heights  of  H  contacts  on  15keV  Si  implanted  and  unimplanted 
regions  annealed  at  SOO^C.  The  implant  dose  notation  is  the  same  as  in  Figures  5, 
6,  and  7. 
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Mb  Photoresponse  Bartiesr  Heists 


Barr.htA=L983eV 
Batr.htB  =  2X)78eV 
Bair.htC  =  L880eV 
Barr.htD  =  2J33eV 


Figure  IL  Bairier  heists  ofMo  contacts  on  15keV  Si  implanted  and 
unmplanted  regions  annealed  at  60(FC.  Olie  implant  dose  notation  is  the  same 
as  inFigures  5, 6,  and  7, 
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Barrier  Heists  After  500°C  Anneal 


Si  Implant  Dose  (cm''-2) 

Figurel2.  Schottky  barrier  heii^ts  as  a  function  of  SI  implant  dose  for  Hand 
Mo  contacts  after  anneaL  The  metal  sdlidde  formation  temperature  is  also 

shown. 
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Barrier  Heights  After  1000°C  Amieal 


Si  Implant  Dose  (]/cm^2) 

Figure  13.  Schottky  barrier  heif^ts  as  a  function  ofSi  implant  dose  for  Pt^Ti  and 
Mo  contacts  after  annealing  at  lOOO^C.  The  barrier  heights  have  decreased 
slightly  more  than  at  the  600°C  anneaL 
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Pt  andMo  Specific  Contact  Besistivities 


Si  Implant  Dose  (cm^>2) 

Figure  14.  Specific  contact  resistivity  as  a  function  of  Si  implant  dose  following 
annealing  at  1000'’C.  Note  that  these  values  are  large  piimarily  due  to  the  fact 
that  the  underlying  boron  doped  film  has  been  almost  entirely  etched  away  by  the 
chromic  add  etch  just  prior  to  the  Si  implantation.  We  estimate  the  sur£^ 
resistivity  of  the  diamond  at  '•10^  D*cm. 
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